The signal recognition particle (SRP) is a ribonucleoprotein composed of an Alu domain and an S domain. The S domain contains unique sequence SRP RNA and four SRP proteins: SRP19, SRP54, SRP68, and SRP72. SRP interacts with ribosomes to bring translating membrane and secreted proteins to the endoplasmic reticulum (ER) for proper processing. Additionally, SRP RNA is a member of a family of small nonribosomal RNAs found recently in the nucleolus, suggesting that the nucleolus is more plurifunctional than previously realized. It was therefore of interest to determine whether other SRP components localize to this intranuclear site. In transfected rat fibroblasts, green fluorescent protein fusions of SRP19, SRP68, and SRP72 localized to the nucleolus, as well as to the cytoplasm, as expected. SRP68 also accumulated in the ER, consistent with its affinity for the ER-bound SRP receptor. SRP54 was detected in the cytoplasm as a green fluorescent protein fusion and in immunofluorescence studies, but was not detected in the nucleolus. In situ hybridization experiments also revealed endogenous SRP RNA in the nucleolus. These results demonstrate that SRP RNA and three SRP proteins visit the nucleolus, suggesting that partial SRP assembly, or another unidentified activity of the SRP components, occurs at the nucleolus. SRP54 apparently interacts with nascent SRP beyond the nucleolus, consistent with in vitro reconstitution experiments showing that SRP19 must bind to SRP RNA before SRP54 binds. Our findings support the notion that the nucleolus is the site of assembly and͞or interaction between the family of ribonucleoproteins involved in protein synthesis, in addition to ribosomes themselves. T he nucleolus long has been known as a dense subnuclear structure at which ribosomal genes are clustered and ribosomal transcription, rRNA processing, and ribosomal subunit assembly occurs (1). More recently, it has become clear that the RNA components of other ribonucleoproteins also may localize to the nucleolus (2, 3), including the signal recognition particle (SRP) (4). Protein components of both RNase P and RNase MRP also recently have been shown to be localized in the nucleolus (5). The hypothesis has been advanced that the nucleolus not only has evolved to carry out ribosome synthesis but, in fact, is the site of assembly of and͞or interaction between multiple ribonucleoprotein machines, many of which are involved in protein synthesis (6). However, no information regarding the potential nucleolar localization of the other components of the SRP has been available.
T he nucleolus long has been known as a dense subnuclear structure at which ribosomal genes are clustered and ribosomal transcription, rRNA processing, and ribosomal subunit assembly occurs (1) . More recently, it has become clear that the RNA components of other ribonucleoproteins also may localize to the nucleolus (2, 3) , including the signal recognition particle (SRP) (4) . Protein components of both RNase P and RNase MRP also recently have been shown to be localized in the nucleolus (5) . The hypothesis has been advanced that the nucleolus not only has evolved to carry out ribosome synthesis but, in fact, is the site of assembly of and͞or interaction between multiple ribonucleoprotein machines, many of which are involved in protein synthesis (6) . However, no information regarding the potential nucleolar localization of the other components of the SRP has been available.
The SRP is a ribonucleoprotein that arrests translation of secretory or membrane proteins and docks the nascent polypeptide-ribosome complex at receptors on the endoplasmic reticulum (ER), whereupon translation is resumed to direct the protein into the membrane assembly or secretory pathways (7) (8) (9) . In mammalian cells, the SRP contains six proteins (7) and an Ϸ300-nt RNA (10) that previously had been known as 7S RNA or 7SL RNA (11) (12) (13) . In an early study it was found that the SRP could be cleaved into two distinct ribonucleoprotein complexes by mild nuclease digestion (14) . One of these complexes contained the portion of the folded SRP RNA known as the Alu domain (because of its homology with the Alu family of repeated DNA sequences in mammalian genomes) together with two of the SRP proteins, SRP9 and SRP14. The other subparticle produced by mild nuclease digestion contained the so-called S domain of SRP RNA and the SRP19, SRP54, SRP68, and SRP72 proteins. Subsequent studies demonstrated that the SRP RNA Alu domain and its associated SRP9 and SRP14 proteins constitute the translational arrest activity, whereas the S domain of SRP RNA and its associated proteins contain the nascent polypeptide signal recognition and ER docking activities, via SRP54, SRP68, and SRP72 (9, (15) (16) (17) (18) (19) (20) . In vitro experiments with purified SRP components revealed that (i) SRP9 and SRP14 form a heterodimer before binding to SRP RNA, (ii) SRP19 binding to SRP RNA is required for subsequent SRP54 binding, and (iii) SRP68 binding to SRP RNA enhances SRP72 binding (9, 10, (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) .
We recently investigated the intracellular localization of fluorescent SRP RNA after its microinjection into the nucleus of mammalian cells. We observed a rapid localization in nucleoli, followed by a gradual dissipation of nucleolar signal and the progressive appearance of fluorescence in the cytoplasm (4). Nuclear microinjection of mutant SRP RNAs revealed that the nucleolar localization elements were associated with the Alu domain of SRP RNA as well as helix 8 in the S domain (4) . In the current study we have investigated the intracellular distribution of endogenous SRP RNA in mammalian cells and found that it, too, is present in the nucleolus, in addition to its expected abundant presence in the cytoplasm. We also have investigated the intracellular localization of the four S-domain SRP proteins, SRP19, SRP54, SRP68, and SRP72, by expressing them as green fluorescent protein (GFP) fusions. We found that SRP19, SRP68, and SRP72, like SRP RNA, display a nucleolar localization whereas SRP54 does not. All four proteins also are found in the cytoplasm, as would be expected for SRP components. These results now expand the constellation of ribonucleoproteins known to be present in the nucleolus and make more attractive the hypothesis that many of the ribonucleoproteins involved in protein synthesis interact within and͞or traffic through the nucleolus.
Materials and Methods
In Situ Hybridization and Immunocytochemistry. NRK cells were grown as described (4) . In situ hybridization to SRP RNA was carried out by using as probes the following oligodeoxynucleAbbreviations: SRP, signal recognition particle; GFP, green fluorescent protein; EGFP, enhanced GFP; ER, endoplasmic reticulum.
otides, in which the underlined Ts denote 5-aminohexylthymidine:
5Ј-TTCCCACTACTGATCAGCACGGGAGTTTTGACCTT-3Ј [3]
The numbers at the 5Ј and 3Ј ends denote the nucleotide positions at the ends of the SRP RNA region to which the oligo is complementary.
Control oligos used were:
5Ј-TTCCAGTTTTGAGGGCACGACTAGTCATCACCCTT-3Ј
[4]
5Ј-AAGTTCGGCATCAATATGGTGACCTCCCGGGATC-3Ј
[5]
5Ј-CTGTGTTGTTCAGGCTGTTCTGCACCGGCTATTCAC-3Ј
[6]
Oligo 4 is the reverse polarity sequence of oligo 1. Oligo 5 is the sense sequence of oligo 2. Oligo 6 is homologous to oligo 3 except for bold nucleotides, which have been changed to mimic the antisense sequence of Xenopus laevis SRP RNA. Oligos then were labeled with the cyanine dye, cy-3 (Amersham Pharmacia), as described (34) .
Cells growing on glass coverslips were fixed in 4% formaldehyde and stored in 70% ethanol for up to 2 weeks. Before in situ hybridization, cells were permeabilized in 100% acetone at Ϫ20°C for 10 min. In situ hybridization was carried out in 40% formamide as described (35) except that after hybridization, cells were washed with 40% formamide, 2ϫ SSC (0.15 M NaCl͞0.015 M sodium citrate, pH 7.0), and then 20% formamide, 1ϫ SSC, for 30 min each at 37°C, followed by three 15-min washes in 1ϫ SSC at room temperature. For immunocytochemistry, cells were fixed and permeabilized as detailed (3) and incubated with IgG from a polymyositis patient autoimmune serum (36) provided by Frederick W. Miller (U.S. Food and Drug Administration, Bethesda, MD). This patient serum specifically immunoprecipitates the SRP from human cell extracts and also immunoprecipitates the SRP54 protein from 35 S-methionine-labeled HeLa cell cytoplasmic supernatants (36) . The IgG fraction from this patient serum was purified by protein A chromatography (37) . A control IgG fraction was purified similarly from a polymyositis patient serum that lacked anti-SRP activity. Antibody binding was detected as detailed (3) except that the second antibody was cy3-labeled Fc-specific goat anti-human IgG (Sigma).
Construction of GFP Fusion Proteins and Transfection Protocol.
Enhanced green (F64 3 L, S65 3 T H231 3 L) fluorescent protein (EGFP)-encoding plasmids pEGFP-N1 and pEGFP-C1 (CLONTECH) were used to construct SRP19, SRP54, SRP68, and SRP72 fusions with EGFP at the N or C terminus of each SRP protein. Human SRP19-and SRP54-encoding DNAs were amplified from the plasmids pET23d-19x and pEThSRP54, respectively (38, 39) . The source of human SRP68-and SRP72-encoding sequences were plasmids pFBh68 and pFBh72, where the respective genes are inserted into the FastBac vector (GIBCO͞BRL). The full-length coding regions were assembled from partial expressed sequence tag (EST) clones (Genome Systems) and clones identified in the screening of a -gt10 cDNA library of human HepG2 hepatoma cells obtained from the American Type Culture Collection (Manassas, VA; ATCC 77400). Four overlapping SRP68 clones were identified by using an approximately 300-bp probe derived from EST T48898. Similarly, a 191-bp HindIII fragment from EST H07969 was used to obtain the 5Ј portion of the SRP72 gene. Screening of the cDNA library was carried out as described (39) . Sequences of the two full-length clones were confirmed by using SEQUENASE 2.0 (United States Biochemical).
For construction of plasmids encoding the fusion proteins, PCR primers were designed to introduce desired features (cloning sites, consensus translation initiation sites, or replacements for stop codons) into flanking regions of the SRP proteinencoding regions as follows.
H2N-SRP19-EGFP-COOH fusion. The PCR primer 5Ј-GTTTA-ACTTTAAGATCTAGCGCCACCATGGCTTGCGC-3Ј introduces a BglII site at position Ϫ15 to Ϫ10 from the start codon for SRP19, as well as a consensus translation initiation site at the proper position. The second primer, 5Ј-GCTGATACTAG-GATCCTTCTTTTTCTTTCCTTTCCC-3Ј, replaces a stop codon for SRP19 with an aspartate codon and introduces a BamHI site. The amplified DNA was cloned into the BglIIBamHI sites of pEGFP-N1, resulting in a hexapeptide DPPVAT linker between SRP19 and EGFP.
H2N-EGFP-SRP19-COOH fusion. The first PCR primer, 5Ј-TTTTGTTAAGCTTTAGGAGGGGGATATACC-3Ј, introduces a HindIII site at Ϫ23 to Ϫ18 from the start codon for SRP19 and encodes LGGGYT at the NH 2 terminus of SRP19. The second primer, 5Ј-CCACATACTGGATCCTGATAC-TAGG-3Ј, introduces a BamHI site 11-16 nt downstream from the stop codon of SRP19. This DNA was cloned into the HindIII-BamHI sites of pEGFP-C1, resulting in a pentadecapeptide SGLRSRAQALGGGYT linker between EGFP and SRP19.
H2N-SRP54-EGFP-COOH fusion. The first primer, 5Ј-CTTTA-AGCTGCAGCGCCACCATGGTTCTAGC-3Ј, introduces a PstI site at Ϫ13 to Ϫ8 from the start codon for SRP54, as well as a consensus translation initiation site at the proper position. The second primer, 5Ј-AGGACATACCGGTCCCATATTAT-TGAATCCC-3Ј, replaces a stop codon for SRP54 with a glycine codon and introduces an AgeI site immediately downstream. This DNA was cloned into the PstI-AgeI sites of pEGFP-N1, resulting in a pentapeptide GPVAT linker between SRP54 and EGFP.
H2N-EGFP-SRP54-COOH fusion. The first primer, 5Ј-TAACTT-CTCGAGGGGGAGCTACCATGGTTCTAGCAGACCTTG-G-3Ј, introduces an XhoI site at position Ϫ17 to Ϫ12 from the start codon of SRP54 and the sequence encoding the pentapeptide RGGAT at the NH 2 terminus of SRP54. The second primer, 5Ј-CAGT T TATCTGCAGGACAT TATCT T TA-CATATTATTGAATCCC-3Ј, introduces a PstI site 11-16 nt downstream from the stop codon of SRP54. This DNA was cloned into the XhoI-PstI sites of pEGFP-C1, resulting in a decapeptide SGLRSRGGAT linker between EGFP and SRP54.
H2N-EGFP-SRP68-COOH fusion. After digesting pFBh68 with BamHI and KpnI restriction enzymes sequentially, the fragment encoding SRP68 was purified from an agarose gel and cloned into the BglII-KpnI sites of pEGFP-C1. This resulted in an oligopeptide SGLRSRSEARGIQRPTSTSSLVAAA linker between EGFP and SRP68.
H2N-SRP72-EGFP-COOH fusion. The plasmid pFBh72 was used as a template for PCR. The first PCR primer, 5Ј-CGAGCTCA-GAATTCGCGGCCGCGATG-3Ј, introduced an EcoRI site at the position Ϫ15 to Ϫ10 from the start codon for SRP72. The second primer, 5Ј-CAAAAAGAGGTACCAGAAGAATATA-TGCATACCAG-3Ј, replaced two SRP72 stop codons with tyrosine and alanine codons and introduced a KpnI site 18-23 nt downstream from the last, tryptophan-encoding codon of SRP72. The PCR-derived fragment was digested with EcoRI and KpnI and cloned into the EcoRI-KpnI sites of pEGFP-N1, resulting in a heptadecapeptide YAYILIVPRARDPPVAT linker between SRP72 and EGFP.
Recombinant plasmids were amplified in Escherichia coli HB101 in LB containing kanamycin (30 g͞ml). Plasmid purification was performed by using the Qiagen Plasmid Mega kit (Chatsworth, CA). The GFP-SRP junction regions of these cloned DNAs were confirmed by DNA sequencing.
NRK cells plated at 1 ϫ 10 5 cells per well (35- 
Transfected cells were kept at 37°C, 5% CO 2 while viewing (40) . In some cases, the ER was stained during observation of transfected cells on the microscope stage by adding 3-5 l of a 0.5-mg͞ml solution of rhodamine B hexyl ester (Molecular Probes) directly to the 3 ml of medium overlaying the cells. Images were captured by using a Photometrics CH250 cooled charge-coupled device camera and processed by using META-MORPH software (Universal Imaging, Media, PA). Fig. 1 shows typical in situ hybridization results for SRP RNA in NRK cells. In cells hybridized with oligos complementary to SRP RNA (Fig. 1 A) , the cytoplasm displayed a strong signal as would be expected from the known cytoplasmic location of the SRP. However, SRP RNA also was observed often in the nucleus, concentrated in the nucleoli (compare Fig. 1 A with the image in Fig. 1C , in which the nuclei are apparent by their strong phase contrast). Approximately 80% of the cells in a given population showed signal in at least one nucleolus. When cells were hybridized with control oligonucleotides, only background levels of signal were observed (Fig. 1B) .
Results
We next investigated the intracellular localization of the S domain SRP proteins, SRP19, SRP54, SRP68, and SRP72, by expressing them in NRK cells as GFP fusion proteins. Fig. 2 A and B shows that GFP-SRP19, with the GFP tag fused either to the NH 2 or COOH terminus of the SRP19 protein, displayed prominent nucleolar localization as well as the cytoplasmic localization expected. This nucleolar localization did not appear to depend on expression level; 82% of the transfected cells observed in a given population displayed nucleolar signal. No nucleolar localization was seen in cells expressing GFP itself (Fig. 2C) . It is of interest to note that both of the GFP-SRP19 fusion proteins also were present in the nucleoplasm (Fig. 2 A  and B) , although at about half the concentration of that in nucleoli (as judged by signal intensity after background subtraction).
Different results were obtained with GFP-SRP54 fusion proteins. As can be seen in Fig. 3 A and B , neither of the two GFP-SRP54 protein fusions displayed nucleolar localization, though both were abundantly present in the cytoplasm. When average signal intensity was quantitated, the nucleoplasmic level of both GFP-SRP54 proteins was found to be about four times lower than that observed with the GFP-SRP19 proteins (Figs. 2  and 3) . Similar results, i.e., nucleolar localization of GFP-SRP19 and not GFP-SRP54, also were observed in other cell lines, including HeLa and 293 (human kidney) cells.
To confirm the absence of SRP54 from nucleoli by an independent method, we used an antibody specific for the SRP54 protein (36) to immunocytochemically detect the endogenous SRP54 protein in these cells. As shown in Fig. 4A , this antibody displayed strong cytoplasmic staining, as expected. However, the nuclear pattern consisted of faint nucleoplasmic staining and no detectable nucleolar signal (compare Fig. 4A with phasecontrast image in Fig. 4C ). Cells stained with a control antibody that is known not to react with the SRP displayed no signal (Fig.  4B) . These results provide further evidence that SRP54 does not traffic through the nucleolus to an extent detectable by these methods.
The localization of SRP68 and SRP72 GFP fusion proteins was explored next. Fig. 5 shows that both proteins localized to the nucleolus as well as the cytoplasm. Approximately 80% of cells transfected with SRP72 showed nucleolar signal (Fig. 5A) , and the cytoplasmic SRP72 was distributed similarly to cytoplasmic SRP19. Cells transfected with SRP68 also showed nucleolar signal, although the percentage was lower (40%, Fig. 5B ). In addition, a distinct perinuclear accumulation of SRP68 was present in Ϸ50% of the transfected cells (which often also contained nucleolar signal). The remaining cells showed a more diffuse distribution of SRP68, similar to the other three SRP proteins tested (not shown). To test the nature of this accumulation, the ER (and also other organelles) was stained by using rhodamine B hexyl ester (41) in cells expressing SRP68-EGFP ( Fig. 6) . Under the staining conditions used (see Materials and Methods), the dye first brightly stained mitochondria and then, within 2-3 min, also stained the ER and other vesicular bodies (see ref. 41 ). The bright perinuclear SRP68 signal overlapped with perinuclear structures stained with the dye after the 2-to 3-min incubation (Fig. 6D) , but did not overlap with stained mitochondria, indicating that the transfected SRP68 was associated with the ER.
Discussion
We find that three of the four S domain SRP proteins, SRP19, SRP68, and SRP72, localize to the nucleolus (as well as the cytoplasm) as GFP fusion proteins. In addition, this investigation confirms and considerably extends our initial discovery that nucleus-microinjected SRP RNA localizes in the nucleolus (4) and also confirms recent biochemical results showing the presence of SRP RNA in HeLa cell nucleolar fractions (42, 43) . The present in situ hybridization results show that endogenous SRP RNA also visits the nucleolus in NRK cells. Although SRP RNA undergoes a limited amount of 3Ј end processing (42) , neither the SRP itself nor any of its protein components have a known nucleolar function. It therefore is more likely that the nucleolar localization of these SRP components represents a step in SRP assembly and͞or transport to the cytoplasm.
In vitro reconstitution studies characterizing SRP assembly are compatible with the idea that partial SRP assembly may be taking place in the nucleolus. SRP19 protein is known to bind SRP RNA independently of other SRP proteins or factors (9, 30) . The SRP68͞SRP72 complex from the SRP also binds SRP RNA independently from the other SRP proteins, but the interaction is stabilized by SRP19 and͞or SRP54 binding (27) . When in vitro expressed proteins are studied, SRP68 binds SRP RNA before SRP72, but its binding is stabilized by SRP72 binding (27, 28) . Our results here show that all three of these proteins visit the nucleolus and, therefore, can interact with SRP RNA. One plausible interpretation of our results, then, is that SRP19, SRP68, and SRP72 bind to nucleolar SRP RNA to form a partially assembled SRP.
The contrasting pattern of intracellular localization observed with SRP54 indicates that this component of the final SRP does not have a nucleolar phase that is sufficiently abundant or long-lived to be detected. The lack of nucleolar SRP54 was observed both in the GFP-SRP54 expression studies as well as by immunocytochemistry with an SRP54-specific antibody, showing that neither the expressed GFP-SRP54 nor the endogenous SRP54 protein traffic through the nucleolus to a detectable extent. The nucleoplasmic level of SRP54 also was very low in both the GFP-SRP54 experiments and in the endogenous SRP54 immunocytochemistry, suggesting that SRP54 traffics through the nucleus very rapidly or perhaps not at all. Interestingly, SRP54 binding to SRP RNA has been shown to require prior SRP19 binding in vitro. SRP19 probably effects a conformational change in the SRP RNA that promotes SRP54 binding (32) . Taken together with our results, then, it seems very possible that only after SRP RNA-SRP19 assembly has occurred in the nucleolus does SRP54 subsequently bind elsewhere in the cell, either in the nucleoplasm or in the cytoplasm. SRP54 is unique among the SRP proteins in other ways: it can bind to signal sequences even without being complexed into the SRP (44) (45) (46) and it is the homologue to the only SRP protein known in E. coli, Ffh (45, 47) .
Although it seems unlikely that these SRP proteins and the SRP RNA all would colocalize to the nucleolus but not actually interact with one another, we do not have direct evidence for such interaction. It is possible that the observed colocalization may represent unidentified activities of the SRP RNA and the individual SRP proteins. For example, SRP19 binds to bacterial 5S RNA in vitro (30) , so there exists the formal possibility that SRP19 is present in the nucleolus because it is bound to eukaryotic 5S RNA. We do not think the localization patterns we see are artifacts from overexpression or alteration of the SRP proteins because of the presence of GFP. All of our observations were recorded from transiently transfected cells, and the patterns of signal distribution observed were routinely evident in cells expressing the fusion proteins at low levels as well as more intermediate levels. In this regard, it is interesting to note that about half of the cells transferred with SRP68 exhibited signal colocalized with the ER. This colocalization suggests that the SRP68 fusion protein retains its native binding affinities, because the SRP68͞ SRP72 complex has been shown to interact with the SRP receptor complex located in the ER membrane (19) . We did not see prominent signal accumulation in the ER of cells transfected with SRP72, perhaps suggesting that SRP68 has a higher affinity for the SRP receptor. That SRP54 is not found in the nucleolus under our transfection conditions also argues that the conditions used did not cause the nonspecific localization of proteins to the nucleolus.
In vivo studies defining the intracellular localization sites of the remaining two SRP proteins, SRP9 and SRP14, may prove more difficult because the Alu domain to which they bind is a highly abundant RNA sequence in human cell lines. However, it is known that the SRP RNA Alu domain is necessary for nuclear export of the SRP and that a deletion that abolishes SRP9͞ SRP14 binding also abolishes export (42, 48) . It therefore has been proposed that SRP9͞SRP14 binds to SRP RNA in the nucleus early in the assembly process (28) , perhaps before final SRP RNA 3Ј end processing (42) .
The intranuclear location of the SRP RNA gene(s) is not known; it may lie close to the nucleolus or at a distant chromosomal site. If the transcription site is remote from the nucleolus, it is possible that SRP RNA transcripts and the SRP proteins do not encounter one another in the nucleoplasm, perhaps because SRP RNA transcripts move rapidly from their transcription site to the nucleolus and͞or because the SRP proteins imported from the cytoplasm immediately traffic to the nucleolus, thus leaving the steady-state nucleoplasmic concentrations of SRP RNA and SRP proteins well below their equilibrium association-binding constants. Alternatively, it is possible that newly synthesized SRP RNA assembles with certain SRP proteins at or near the SRP RNA transcription site and the resulting complex moves rapidly to the nucleolus. In either case, it is the nucleolar localization altogether that is the most intriguing issue. It is tempting to speculate that the nucleolar localization of SRP RNA and SRP proteins we have discovered is related to the nuclear export pathway of nascent SRP. For example, partially assembled SRPs may piggyback with ribosomal subunits for export from the nucleus. In this connection, it is worth noting that the SRP has a demonstrable affinity for ribosomes independent of its interaction with the nascent polypeptide signal sequence (9, 45, 49) .
